Abstract. -From proton spin lattice relaxation time measurements a model for the structure and microdynamics of a benzene monolayer o n graphitized carbon black is developed. The essential results a r e that at temperatures below -150 O C benzene molecules are absorbed at definite sites of the graphite (0001) planes in ordered structure of hexagonal symmetry with the molecular planes oriented perpendicularly t o the surface. T h e molecules perform reorientational jumps about diad molecular symmetry axes a t a rate of 2.3 x loJ3 exp(-1 060/T) s-'.
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-From proton spin lattice relaxation time measurements a model for the structure and microdynamics of a benzene monolayer o n graphitized carbon black is developed. The essential results a r e that at temperatures below -150 O C benzene molecules are absorbed at definite sites of the graphite (0001) planes in ordered structure of hexagonal symmetry with the molecular planes oriented perpendicularly t o the surface. T h e molecules perform reorientational jumps about diad molecular symmetry axes a t a rate of 2.3 x loJ3 exp(-1 060/T) s-'.
1. Introduction. -In recent years the study of physisorbed layers on graphite has been promoted by the application of modern surface analysis techniques such as LEED and AES [I-31. Whereas a rather clear-cut picture of the structure and phase transitions of layers of noble gases has been developed only little is known by such techniques about layers of physisorbed molecules [4] . On the other hand, an exceedingly large experimental material based on classical calorimetric and adsorption isotherm studies using graphitized carbon blacks as adsorbents may be found in the literature [5-71. In addition, several theoretical papers have appeared which are concerned with the calculation of molecule-graphite surface potential energies [7, 8] . However, the results of the above mentioned classical studies have up to date not found a satisfactory interpretation in terms of structural and dynamical models for the adsorption layers because of lack of knowledge on the nature of the adsorption forces, on the vibrational modes and
The present work reports on proton magnetic resonance relaxation studies of benzene adsorbed on graphitized carbon black (Graphon) surfaces [9] . Graphitized carbon blacks are adsorbents of reasonably high specific surf ace area (5-80 m2/g) which possess nearly uniform surfaces since the particles expose predominantly the graphite lattice basal planes [5, 6] vacuum conditions torr). Known quantities of degassed and dried benzene C6H6 and C6D6 (Merck, Darmstadt, Germany) were transferred to the adsorbent to yield samples with surface coverages 0 = 1 and 2 of various compositons with respect to the C6H6/C6D6 ratio. For use in the spectrometer the tubes were sealed off.
The proton spin-lattice relaxation times T, were measured at the resonance frequencies 16 and 60 MHz with the aid of a pulsed NMR-spectrometer (B-KR 322 s, Bruker-Physik, Karlsruhe, Germany) in conjunction with a signal averaging device (Model 1074, Nicolet-Instrum., Madison, Wisc., USA) and a transient recorder (B-C 104, Bruker-Physik) for signal to noise improvement and proper resolution of the solid-like signals at low temperatures. The saturation method was applied for the measurement of the T I relaxation times.
Temperature regulation and control in the range + 20 to -190 O C was achieved by controlled flow of nitrogen gas evaporating from liquid nitrogen and thermocouple sensors, respective1 y . The sample temperatures were stabilized to 2 1 OC. The experimental spin-lattice relaxation times T , ( a ) of samples with given surface coverage but different fractions a of C6H6 molecules were used to separate the intermolecular dipolar relaxation rate 1 / T I from the contributions due to dipolar intramolecular and proton-electron interactions according to with 3. Results and discussion. - Figure 1 shows the temperature dependence (+ 20 to -190 OC) of the proton spin-lattice relaxation times TI,,, and TI,,,,, of the one monolayer benzene graphitized carbon black system at 60 MHz on a log T I versus l / T scale. For sake of clarity of presentation the individual experimental points have been omitted. The limit of experimental error is t 10 %. For the two monolayer sample the corresponding curves are similar to those shown in the figure, but an additional phase was observed which could be identified as solid crystalline benzene [1 11. The number of molecules in this phase was found to be roughly equal to that being adsorbed in the monolayer.
The high temperature branches to the left of the dashed line shall not be discussed in the present context. It should be mentioned that the relaxation times in this temperature region are determined by proton-electron interactions [l 11. This observation opens a new method of studying the electronic structure of the graphite surface via and intermolecular spin-lattice relaxation times for a monolayer of benzene on graphitized carbon black.
proton relaxation time measurements of adsorbed species. The T ,,,,,,, data could be interpreted as due to translational motions of the adsorbed molecules [l 11. The low temperature branches to the right of the dashed line are characterized by the appearance of well developed minima for both T , , , , , and T , , , , , , , at nearly the same temperature. In addition the same temperature dependence for both relaxation times is observed. It has been shown [Ill that Ti,,,, is dominated by intramolecular proton-proton interactions, the proton-electron contribution being negligible in the vicinity of the minimum.
The further discussion and interpretation of the experimental results in terms of structural and dynamical models of the adsorbed layer will be carried out separately for T ,,,,, and T ,,,, ,,.
3.1 TI,,,,.
-From the fact that a single well-developed minimum occurs in the temperature range being discussed it may be concluded that a certain rotational motion is performed by the spin-carrying molecules at a rate of 1 / r --w, at the temperature of the minimum where o, is the NMR frequency. On the other hand, from relaxation time calculations [14] it may be shown that the value of T,,,,,,, at the temperature of the minimum is determilied by the type of the rotational motion, but does not depend on the specific temperature dependence of T for the rotational models which will be discussed furtheron.
In the following we shall assume that each molecule performs the same type single-axis rotational motion where the axis of rotation is a symmetry axis of the molecule. Two types of rotational motions may be considered depending on whether th; potential energy barriers separating accessible orientational positions of the molecule are small or large as compared to kT. In the former case Debye type diffusional rotational motion is indicated whereas in the latter case reorientational jump motions are considered to occur between a finite number of equilibrium orientational positions. For the jump type motions it is assumed that the jumps occur between the minima of an equal-wells potential, i.e. the equilibrium orientational positions of the molecule are transformed into each other by the operations of the cyclic C , groups where n may be either 2,3, or 6 in view of the symmetry elements of the graphite (0001) plane as well as the benzene molecule.
In order to find out the rotational model which explains the experimental NMR data it is necessary to calculate from the appropriate relaxation time formula the value of at the minimum for various models and to compare the results with the experimental ones. The only datum which enters into the theoretical calculations is the ortho-proton-proton distance in the benzene molecule (2.495 A [12] ) assuming the geometry of the benzene molecule to be retained on adsorption. Table I lists the various rotational models that have been considered. In column 2 the symmetry axes of the benzene molecules about which the rotations occur are indicated. Here 2' and 2" denote the two-fold axes which pass through the protons and the midpoints of the hexagon sides, respectively. Column 3 lists the groups C , the elements of which transform the orientational positions into each other in the case of jump motions. In column 4 D and j denote the Debye rotational and the jump reorientational types of motions, respectively. For group orders n > 3 the r-jump (rj) and s-jump (sj) modes can be distinguished.
It turns out from the theoretical calculations that from all models listed in table I only models 10' and 10" yield minimum values for TI,,,,,, which are in agreement with experiment in the range of experimental error (Tabl. 11). The results indicate that the benzene molecules adsorbed on graphite (0001) planes reorient about either of the diad molecular symmetry axes in a sixfold equal-wells potential. The jumps occur to neighbouring orientational positions & 60" apart only. Several interesting conclusions may be drawn from this result.
(i) A site adsorption model must be valid since only this model is physically reasonable in view of the s-jump type of the reorientational motion.
(ii) The fact that the reorientational jumps occur about a twofold axis with six-fold symmetry can physically reasonably only explained if the molecules are standing up on the surface with the axis of reorientation being perpendicular to the surface.
(iii) With great probability the adsorption site is the center of a graphite hexagon. However, the possibility that a carbon atom is such a site cannot be discarded.
(iv) The notion of benzene molecules lying flat on times are determined by the translational and/or rotational motions of the spin-carrying molecules. However, the previously mentioned experimental facts that the minimum of T,,,,,, appears in the vicinity of the T , , i n t , minimum together with the conclusion of the preceding section that the site adsorption model is valid strongly suggest that only rotational motions determine T , , ,,,,,. In addition, of course, T ,, ,,, is strongly influenced by the arrangement of molecules on the graphite (0001) planes. Tentatively we assume that the molecules are arranged in an ordered structure being located on equivalent lattice positions of sixfold rotation site symmetries. In order to establish the correct lattice constant of the supposed two dimensional crystal as well as the appropriate reorientational model (10' or lo", Ta61. I) it is again sufficient to calculate theoretical values for the minima of T ,, and to compare the results with the experimentally determined data. The only new parameter which enters into the appropriate intermolecular relaxation time formulae [14] is the lattice constant of the graphite (0001) planes (2.456 A [13] ). Of all the possibilities concerning arrangement of molecules and type of reorientational motion (alternative 10r/lO") only one which is depicted in figure 2 is able to explain the NMR data and gives excellent agreement with experiment (Tabl. 111).
Theoretical and experimental values
for T minima All other models that have been considered yield results which are at variance with the presently discussed one by at least 6 0 % and are hence completely outside the range of experimental error. 3 . 3 JUMP TIMES.
-The temperature dependences of both T ,tr, and T ,,,, ,, are determined by the mean residence time r of a molecule in a potential well. Assuming the jump process to be thermally activated with r = r, exp(E / R T ) both the T and T ,,,,,, curves ( Fig. 1 ) could be fitted with
